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Background:  Adrenodoxin (Adx) is a [2Fe–2S] ferredoxin involved in steroid
hormone biosynthesis in the adrenal gland mitochondrial matrix of mammals.
Adx is a small soluble protein that transfers electrons from adrenodoxin
reductase (AR) to different cytochrome P450 isoforms where they are
consumed in hydroxylation reactions. A crystallographic study of Adx is
expected to reveal the structural basis for an important electron transfer
reaction mediated by a vertebrate [2Fe–2S] ferredoxin.

Results:  The crystal structure of a truncated bovine adrenodoxin, Adx(4–108),
was determined at 1.85 Å resolution and refined to a crystallographic R value of
0.195. The structure was determined using multiple wavelength anomalous
dispersion phasing techniques, making use of the iron atoms in the [2Fe–2S]
cluster of the protein. The protein displays the compact (α+β) fold typical for
[2Fe–2S] ferredoxins. The polypeptide chain is organized into a large core
domain and a smaller interaction domain which comprises 35 residues,
including all those previously determined to be involved in binding to AR and
cytochrome P450. A small interdomain motion is observed as a structural
difference between the two independent molecules in the asymmetric unit of
the crystal. Charged residues of Adx(4–108) are clustered to yield a strikingly
asymmetric electric potential of the protein molecule. 

Conclusions:  The crystal structure of Adx(4–108) provides the first detailed
description of a vertebrate [2Fe–2S] ferredoxin and serves to explain a large
body of biochemical studies in terms of a three-dimensional structure. The
structure suggests how a change in the redox state of the [2Fe–2S] cluster
may be coupled to a domain motion of the protein. It seems likely that the
clearly asymmetric charge distribution on the surface of Adx(4–108) and the
resulting strong molecular dipole are involved in electrostatic steering of the
interactions with AR and cytochrome P450.

Introduction
Iron–sulfur proteins are widely distributed in nature and
have been isolated from bacteria, plants and animals.
Despite their wide-spread occurrence, the iron–sulfur pro-
teins have been recognized as a distinct protein class only
since the 1960’s [1–4]. 

Ferredoxins contain either a [4Fe–4S] cluster (or a 3Fe
variant of this cluster) or a [2Fe–2S] cluster. The redox-
active iron–sulfur center enables these proteins to take part
in a broad variety of electron transfer reactions. In the
hydroxylase systems of vertebrates and some bacteria the
[2Fe–2S] ferredoxins transfer an electron from an
NAD(P)H-dependent reductase to different cytochromes
P450 [1–3]. These ferredoxins are structurally and function-
ally different from plant-type ferredoxins for which crystal
structures have been determined. The [2Fe–2S] ferre-
doxins of some Pseudomonas strains (e.g. putidaredoxin,

linredoxin or terpredoxin) take part in electron transport to
members of the cytochrome (Cyt) P450 family which
hydroxylate camphor, linalool or α-terpineol, respectively,
to produce the carbon sources of these organisms [3]. Reno-
doxin, the renal ferredoxin plays an essential role in vitamin
D metabolism [5].

Adrenodoxin (Adx) is also a member of the [2Fe–2S]
ferredoxin family, being a low molecular mass (14 kDa)
soluble protein that is negatively charged at neutral pH
values. Adx is synthesized in the cytoplasm of cells of the
adrenal cortex as a precursor protein and post-translation-
ally imported into the mitochondria, where it becomes
localized in the matrix [1–3]. Adx plays an essential role in
steroid hormone biosynthesis. This ferredoxin passes elec-
trons from adrenodoxin reductase (AR) to the mitochondr-
ial steroid hydroxylating cytochromes P450, CYP11A1
(P450scc), CYP11B1 and CYP11B2, which are involved in
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converting cholesterol to pregnenolone, catalyzing the
11β-hydroxylation of deoxycortisol and deoxycortico-
sterone, and producing aldosterone, respectively [1–3].
The way in which the redox partners interact during elec-
tron transfer is still a matter of controversial discussion.
Three different models have been suggested: the ‘shuttle’
model, where Adx sequentially forms binary complexes
with AR and the Cyt P450, thereby transferring the elec-
tron; a model requiring the formation of a ternary complex
of AR, Adx and CYP11A1; and a model in which two mol-
ecules of Adx are required for one electron transfer [3].
Recognition and interaction of Adx with its redox partners
is mainly based on electrostatic interactions of negatively
charged amino acids on the surface of Adx [6] with posi-
tively charged amino acids of AR [7] or the Cyt P450 [8].
Tyr82 of Adx, however, was also shown to participate in
binding to CYP11A1 and CYP11B1, but not to AR [9].
Furthermore, transmission of conformational changes from
the iron–sulfur cluster to Tyr82 and the acidic residues of
the Adx binding region for its redox partners is known to
be mediated by His56 [10,11].

The ability to accept and to donate electrons is tightly
connected to the redox potentials of iron–sulfur proteins.
Plant-type ferredoxins display oxidation/reduction poten-
tials between –305 and –455 mV [12], those of Adx and a
variant of Adx truncated to residues 4–108, Adx(4–108),
are –273 mV and –340 mV, respectively [13]. The mecha-
nism by which these proteins modulate the redox poten-
tials of their iron–sulfur clusters, however, is still not well
understood. It could be demonstrated that replacement of
amino acid residues near the iron–sulfur cluster may influ-
ence the redox potential of Adx and in this way the rate of
electron transfer to the cytochromes [14,15]. The crystal
structures of ferredoxins and their mutants possessing
various redox potentials should yield deeper insight into
the structural basis for the redox potential changes. To
date, the X-ray crystallographic structures of six plant-type
ferredoxins, isolated from Spirulina platensis, Aphanothece
sacrum, Anabaena 7120, Halobacterium and Equisetum
arvense, have been determined [16–21].

In addition, the solution structures of putidaredoxin and
the ferredoxin from the thermophilic cyanobacterium
Synechococcus elongatus have been determined by nuclear
magnetic resonance spectroscopy (NMR) [22–24]. The
first crystals of bovine Adx were already obtained 25 years
ago [25] but were not used for structural analysis. Bovine
Adx has also been crystallized by Marg et al. [26], these
crystals, however, contained up to 12 protein molecules in
the asymmetric unit and were not further analyzed. Here
we report the three-dimensional structure of the Adx
variant Adx(4–108), where residues Ser1–Ser3 and
Asp109–Glu128 have been removed by genetic engineer-
ing. The reason for this truncation was the observation
that full-length Adx tends to become proteolytically

digested upon purification. Different C termini have been
observed, varying in position from residue Ala114 [27] to
Gly121, Ser124 and Ser125 [26,28,29] up to residue Ile127
[30]. Therefore, a mutant has been produced by truncat-
ing the C-terminal part so that no further proteolytic
digestion could occur [31]. The deletion of the C terminus
up to residue Asp109 moderately influenced binding
affinity and electron transfer to Cyt c and CYP11A1,
whereas the efficiency of substrate conversion catalyzed
by CYP11B1 was enhanced [31]. The additional removal
of the three N-terminal amino acids avoided N-terminal
proteolytic digestion so that a homogeneous protein
preparation for crystallization could be obtained. Interest-
ingly, this truncated mutant, Adx(4–108), is also thermo-
dynamically more stable than wild-type Adx [32].

Displaying a similar fold to putidaredoxin, the structure of
Adx (4–108) shows a compact (α+β) protein consisting of
two microdomains. In addition, the structure helps to
explain the previously characterized functional roles of a
number of key amino acid residues. A large molecular
dipole present in Adx may be instrumental in guiding its
interactions with AR and Cyt P450.

Results and discussion
Structure determination
The crystal structure of bovine Adx(4–108) was solved by
multiple wavelength anomalous dispersion (MAD)
methods, making use of the anomalous scattering of the
iron atoms in the [2Fe–2S] cluster. The structure was
refined at 1.85 Å resolution to R = 0.195 and Rfree = 0.253
(Table 1). The averaged stereochemical mainchain and
sidechain parameters are equal or better than those in a set
of 118 structures used by PROCHECK [33], and the
Ramachandran plot is free of outliers. Most of those
residues showing φ/ψ angles in the additional allowed
regions of the Ramachandran plot are located in the vicinity
of the [2Fe–2S] cluster, which appears to slightly perturb
the backbone conformation. Similar φ/ψ deviations are
present in all the other [2Fe–2S] cluster-containing crystal
structures available from the Protein Data Bank [34]. 

Overall structure
The polypeptide chain Asp5–Pro108 of Adx is folded into
a nearly spherical ellipsoid with half axes of 18.9 Å,
14.1 Å and 15.8 Å (Figure 1). The molecular surface of
Adx(4–108) measures 4730 Å2, 1440 Å2 of which belong to
the backbone, 1500 Å2 are polar, 1031 Å2 are charged and
740 Å2 are hydrophobic as determined with GRASP [35].
With one exception, all charged residues are located at
the surface; only Glu74 is buried forming the hydrogen
bonds Glu74 Oε1–Arg89 Nη2, Glu74 Oε2–Arg89 Nε and
Glu74 Oε2–Leu90 N. The protein contains a hydrophobic
core shaped like a hammer, each end extending to the
protein surface. Residues Ile40, Leu38, Phe43, Val33,
Val107, Pro108, Phe11, Val105, Ile94, Leu29 and Leu57
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lie in the head of the hammer and traverse the core
domain (see below), whereas residues Leu57, Val105,
Ile94 and Leu29 at the core domain boundary form a
hydrophobic bridge to residues Phe59, Ile63, Phe64,
Leu67 at the tip of the head in the interaction domain.
The shaft is formed by residues Val32, Met103, Val9,
Met100, Ile7, Leu96 and Ile25, but the N-terminal,
charged residues Asp5 and Glu4 (the latter not visible in
the electron density) protect the hydrophobic sidechains
against solvent exposure. The [2Fe–2S] cluster is located
in a ‘nose’ protruding from the surface, but it is not acces-
sible to water (Figure 1a).

Crystal packing and solvent structure
The solvent content of the unit cell is about 44%
(VM = 2.24 Å3/Da), and the two independent molecules A
and B in the asymmetric unit make numerous intermolec-
ular contacts with distances between 2.5 Å and 4 Å.
Several residues of molecules A and B are involved in con-
tacts promoted by crystallographic symmetry (23 residues
of molecule A and 26 residues of molecule B). Larger
contact regions are found in both molecules for the
residues from Ile58 to Arg87 and at the C terminus from
Lys98 to Pro108. The distance between the [2Fe–2S]
clusters of the molecules related by noncrystallographic
symmetry (NCS) is 13 Å. Here, additional interactions
take place between residues of molecules A (Ala45–
Cys46, Ala51–Thr54) and B (Gly42, Ala45, Ala51–Thr54),
directly located in the [2Fe–2S] cluster binding region,
and at the top of the interaction domain.

The positions of 167 water molecules have been refined
with an average temperature factor of 28.2 Å2. Of these,
104 water molecules are hydrogen bonded to molecule B
and 63 to molecule A. One water oxygen occupies a
special position on top of the twofold rotational axis. This
oxygen forms a 2.8 Å long hydrogen bond to the C-termi-
nal Pro108. Furthermore, a glycerol molecule has also
been identified near this position, but off the twofold axis. 

Comparison of independent molecules
The lattice contacts between different residues result in
local structural deviations between the independent
molecules (Table 1). The superposition of residues
Lys6–Pro108 of the two molecules in the asymmetric unit
shows the Cα atoms to fit with a root mean square devia-
tion (rmsd) of 0.47 Å, whereas the sidechains deviate by
about 1 Å. In general, the electron density of molecule B
is better defined than that of molecule A, and its tempera-
ture factors are on average about 20% lower. A more
detailed inspection of the temperature factors shows that
in particular, residues His10–Gly42 in the N-terminal part
of molecule A are less well ordered than the corresponding
part in molecule B, causing the difference in the overall
averages. The mean temperature factors of the Cα atoms
of only these residues are 28.9 Å2 in molecule A and
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Table 1

Structure statistics.

Structure refinement and model
Residue range (molA/molB) 6–108/ 5–108
No. non-hydrogen atoms (molA/molB) 815/ 843
No. water molecules (molA/molB) 63/ 104
Hetero atoms 7
Resolution range (Å) 11.0–1.85
R/Rfree 0.195/ 0.253
Root mean square

∆ bond lengths (Å) 0.013
∆ bond angles (°) 1.68
∆ dihedral angles (°) 26.60
∆ improper torsions (°) 3.45

Ramachandran plot 
core regions (%) 90.9
allowed regions (%) 9.1
other regions (%) 0.0

Ramachandran plot 
core regions (%) (molA/molB) 93.5/ 88.3
allowed regions (%) (molA/molB) 6.5/ 11.7
other regions (%) (molA/molB) 0.0/ 0.0

Luzzati coordinate error (Å) <0.2
G factor 

dihedral (molA/molB) –0.07/ –0.11
covalent (molA/molB) 0.33/ 0.25
overall (molA/molB) 0.09/ 0.03

Temperature factor model
Average temperature factor (all atoms) (Å2) 

(molA/molB) 25.6/ 21.6
Temperature factor (mainchain) (Å2)

average (molA/molB) 24.1/ 20.2
sigma (molA/molB) 7.6/ 7.6
maximum (molA/molB) 48.9/ 55.3

Temperature factor (sidechain) (Å2)
average (molA/molB) 27.2/ 22.9
sigma (molA/molB) 9.9/ 9.9
maximum (molA/molB) 55.3/ 51.0

Rms ∆B mainchain bonds (Å2) 2.08
Rms ∆B mainchain angles (Å2) 2.81
Rms ∆B sidechain bonds (Å2) 2.94
Rms ∆B sidechain angles (Å2) 4.11

Superposition of NCS-related 
residues 6–108
Deviation Cα atoms

rms/ave/max (Å) 0.47/ 0.41/ 1.01
Deviation all atoms

rms/ave/max (Å) 0.99/ 0.62/ 7.60
Rms ∆B Cα atoms (Å2) 7.34
Rms ∆B all atoms (Å2) 8.29
Rms ∆φ residues (°) 17.1
Residues with |∆φ| >10° (%) 16.5
Rms ∆ψ residues (°) 18.5
Residues with |∆ψ| >10° (%) 20.4

Superposition of NCS-related residues 
6–55 and 91–108 of the core domain
Deviation Cα atoms

rms/ave/max (Å) 0.37/ 0.32/ 0.98
Deviation all atoms

rms/ave/max (Å) 0.94/ 0.54/ 7.60
Rms ∆B Cα atoms (Å2) 8.15
Rms ∆B all atoms (Å2) 8.75
Rms ∆φ residues (°) 19.8
Residues with |∆φ| >10° (%) 16.2
Rms ∆ψ residues (°) 21.4
Residues with |∆ψ| >10° (%) 21.6



20.1 Å2 in molecule B. As will be shown below, these
residues belong to two β strands, an α helix, a γ turn and a
β turn. The lower temperature factors at the N terminus
of molecule B allowed the mainchain to be traced up to
residue Asp5, which is not seen in A. In addition, the B
values of most Cα atoms of the interaction domain (see
below) are smaller for molecule B, allowing the detection
of more alternate sidechain positions for molecule B
(Glu68, Glu73, Glu74, Asp86 and Cys95) than for mole-
cule A (Glu68 and Asp86). 

The comparison of backbone torsion angles reveals
neither peptide flips nor other large local conformational
changes. Both molecules are very similar in general,
although only weak NCS restraints were employed at the
end of refinement. However, a moderate domain shift of
0.5 Å could be detected by differential superposition as
will be discussed below. As molecule B is better defined
overall, the following discussion of the structure will refer
to this molecule unless otherwise stated.

Secondary structure
The secondary structure of Adx(4–108) was analyzed using
the program DSSP [36]. Adx(4–108) is classified as an (α+β)
protein containing about 22% β strand, 17% α helix, and 6%
310 helix. Five β strands and five helices were identified

and assigned by capital letters beginning from the N termi-
nus (see Figure 1). The β strands A (residues Ile7–Ile12), B
(Thr18–Gly23), D (His56–Phe59), G (Ser88–Leu90) and J
(Met103–Arg106) belong to one β sheet of mixed type. The
β strands G and D, D and J, and A and B are paired in an
antiparallel fashion, whereas J and A are in parallel. Three
of the helices, C (Leu29–Gln35), E (Gln61–Phe64) and
F(Asp72–Leu78) are α helices, and both H (Gly91–Gln93)
and I (Lys98–Met100) are of the 310 helix type.

Subdomain structure
The Adx(4–108) molecule consists of two structural
domains, as apparent from Figure 1, which are essential for
its function. Residues Asp5–Cys55 and Gly91–Pro108
belong to the core domain, whilst residues His56–Leu90
form a large hairpin. This hairpin contains all the key
residues required for the interaction of Adx with AR and
CYP11A1 and will therefore be denoted the interaction
domain from here on. The interaction domain comprises
the two α helices E and F, the loops Lys66–Ile70 and
Leu80–Ser86 (the latter being made up from the β turns
Ala81–Leu84 and Thr85–Ser88) and β strands D and G.
From the superposition of the two independent molecules
of the unit cell, these interaction domains appear to
undergo a rigid-body motion of about 0.5 Å along their
long helix (F) axis relative to the core. After a least-squares

272 Structure 1998, Vol 6 No 3

Figure 1

Molecular structure of Adx(4–108). (a) Two
orthogonal views of the molecule. The
[2Fe–2S] cluster is shown in ball-and-stick
representation (Fe, magenta; S, yellow). The
displayed residues Asp72, Glu73, Asp76 and
Asp79 are key residues in AR and CYP11A1
binding. α-Helices (red) and β strands (green)
are labeled using capital letters beginning
from the N terminus. (Ribbon drawing
prepared with MOLSCRIPT [58].) (b) Stereo
drawing showing the Cα trace from Asp5 to
Pro108, with every tenth residue numbered.
Residue Glu4 of Adx(4–108) is not seen in
the electron density.
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fit of the core domains, the mean deviation between Cα
atoms is 0.32 Å in the core domain (see Table 1), whereas
it is 0.83 Å for residues His56–Leu90. The conformational
flexibility may be relevant for the interaction of Adx with
AR and CYP11A1. 

Both domains are linked via a hinge region. Two hydro-
gen bonds, Ile58 N–Arg106 O and Ile58 O–Arg106 N, and
the cluster Phe59, Ile63, Phe64 and Leu67 of the inter-
action domain (being coupled by hydrophobic interactions
with residues Leu29, Leu57, Ile94, Met100, Met103 and
Val105 of the large hydrophobic cluster in the core
domain) may transmit conformational changes from the
[2Fe–2S] center to the interaction domain during redox
events. These changes are possibly transmitted via Cys92,
Thr54, Cys55 and His56.

The iron–sulfur cluster
The [2Fe–2S] cluster is localized within a protuberance of
the molecule which is accessible to solvent from four
sides. The residues Leu30, Phe43–Thr54, Met77, Cys92,
Gln93 and Ile94 are wrapped around the cluster and are
solvent accessible. The fifth side faces the interaction
domain and is coupled by residues Glu74 and Gln93 to the
hydrophobic cluster Leu50, Met77, Leu78 and Leu90.
The sixth side is linked by the buried Cys55 to the inte-
rior of the molecule. According to SURFNET [37], parts
of residues Leu30, Gly44, (Ala45), Cys46, (Glu47), Gly48,
(Thr49), Leu50, (Ala51), Cys52, (Ser53), (Thr54), Cys55,
(Met77), Leu90, Cys92 and (Gln93) are positioned within
4 Å of the [2Fe–2S]-filled cavity (where the residues
without parentheses have surfaces between 0.3 to 2.4 Å2

facing the cavity which are accessible to a spherical probe
of 1.4 Å radius). The Sγ atoms of Cys52, Cys46 and Cys92
are not solvent accessible, although parts of these residues
are exposed (22.0 Å2, 27.5 Å2 and 13.6 Å2,, respectively). 

The sulfur atoms of the Fe-binding cysteines (Cys92,
Cys55, Cys46 and Cys52) are arranged in a plane, span-
ning a nearly undistorted rectangle with edges of d55

92

3.7 Å, d92
46 5.55 Å, d46

52 3.7 Å and d52
55 5.3 Å (Figure 2).

The plane of the [2Fe–2S] cluster is oriented perpendicu-
lar to this plane and parallel to its long edges. The Fe
atoms are located on the intersection of both planes. As
the [2Fe–2S] cluster has not been restrained during the
refinement, a slight distortion of its plane is detectable.
The closest distance of the Fe atoms to the surface has
been determined by GRASP [35] to be 3.7 Å and 4.4 Å for
Fe1 and Fe2, respectively. The most protruding iron, Fe1,
is directed to the surface between Cys46 and Cys52,
whereas Fe2 approaches the surface between Cys92 and
Gly48 and Glu93. Bond lengths and angles are given in
Figure 2 (insert). This region is stabilized by hydrogen
bonds between the sulfurs in the [2Fe–2S] cluster, the
binding cysteines and surrounding donor atoms. These
hydrogen bonds are mostly conserved in other [2Fe–2S]
ferredoxins, including those of the plant type. As sug-
gested by mutation studies, of special significance for the
thermostability of Adx is the hydrogen bond between
Cys52 Sγ and Thr54 Oγ [14,32].

Structure at specific sites
Pro108 is essential for the correct folding of the protein
and the following incorporation of the [2Fe–2S] cluster
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Figure 2

View of the [2Fe–2S] cluster binding region
of Adx(4–108). The plane defined by the Sγ
atoms of the cluster-binding cysteines is
marked by red dotted lines; the plane
spanned by the iron and sulfur atoms of the
cluster is perpendicular to it. The hydrogen-
bonding pattern is indicated by black dotted
lines. The insert contains bond distances (in
Å; black) and angles (in degrees; green) for
the cluster and covalently bound cysteinyl
sulfurs. Angles within the [2Fe–2S] cluster
are labeled in red. Fe atoms are shown in
purple, sulfur atoms in yellow and other atoms
are in standard colors.
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[31]. This residue is highly conserved in vertebrates [31]
and deletion of Pro108 results in the inability to assemble
the iron–sulfur cluster upon protein synthesis in
Escherichia coli. The cluster can be reconstituted in vitro,
however, leading to the formation of a truncated mutant,
Adx(4–107), with significantly decreased thermal stability
but unchanged electron transfer properties [13]. The
vicinity of Pro108 is plotted in Figure 3 with electron
density showing that the structure is perfectly ordered up
to the C terminus of Adx(4–108). Two sides of this region
are open to the solvent and the water molecules W2, W3,
W4, W5, W6, W11, W14, W24 are well defined having B
values of less than 24 Å2. W4 is hydrogen bonded to
Pro108 OT. Some of these water molecules may be
replaced by amino acid residues in full-length Adx. Pro108
occupies a key position at the end of β strand J (Figure 4).
At one side, the β turn between strands A and B is fixed
by a hydrogen bond from Arg14 Nε to Pro108 O
(Figure 3), and at the other side hydrophobic interactions
of Pro108 Cγ with Ile58 Cδ1 (4.1 Å) and His56 Cγ (3.8 Å),
and Pro108 Cβ with Tyr82 Cε2 (4.9 Å) and Tyr82 Cδ2
(4.7 Å) form a link to strand D and to the β turn in which
Tyr82 is located. 

Hydrogen bonds between Tyr82 O and His56 Nδ1, and
between Ser88 Oγ and His56 Nε2, as well as the mainchain
hydrogen bonds between Val107 N and Ile12 O, Arg106 N
and Ile58 O, and Arg106 O and Ile58 N, stabilize the

region around the crucial His56 residue. Figure 4 shows
the position of His56 at the interface of the interaction
domain and the [2Fe–2S] cluster in the core domain.
Located at the entrance into the interaction domain, His56
is essential for the interaction with Cyt c and Cyt P450, as
has been shown by modification and replacement experi-
ments [10,15,38]. The replacement of His56 by glutamine,
threonine or arginine leads to a decrease in the thermal sta-
bility of the protein [32]. A crucial role in positioning the
interaction domain of Adx for binding to AR and Cyt P450
during redox processes may be played by the Arg106–Ile58
mainchain hydrogen bonds.

Along with His56, the residues Thr54, Asp72 and Tyr82
are responsible for tuning of the electron-transfer rates or
transferring structural changes during the redox process
[6,9,10,14]. Thr54 is located in the same β turn as His56.
As with His56, the mutation of Thr54 to alanine [14] does
not significantly influence the electron transfer to
CYP11A1. In contrast, substrate conversion is accelerated
in the CYP11B1-dependent reaction. Moreover, the
mutant has reduced thermostability, and the interaction
with Cyt P450 is altered whereas the binding to AR is not
markedly changed. It is unlikely that Thr54 interacts
directly with the cytochromes. Thr54 is situated between
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Figure 3

The vicinity of Pro108 of Adx(4–108) with the final 2Fo–Fc electron-
density map calculated at 1.85 Å resolution and contoured at 2σ.
Hydrogen bonds are indicated by dotted lines and water sites are
identified by numbers. (The figure was drawn using the program
SETOR [59].)

Figure 4

The vicinity of the [2Fe–2S] cluster in Adx(4–108). The interaction
domain is colored blue, the core domain green and the [2Fe–2S]-
binding loop yellow. Hydrogen bonds (His56 Nδ to Tyr82 O and His56
Nε to Ser88 Oγ) essential for transmitting conformational changes of
the [2Fe–2S] cluster upon reduction of Adx to the interaction domain,
and from Thr54 (essential for AR and CYP11A1 binding) to Cys52 Sγ,
are shown by red dotted lines. 
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the [2Fe–2S] cluster and the protein surface, the distance
of its Oγ1 to Cys52 Sγ being only 3.2 Å, but it is not
directly adjacent to the interaction domain. Small confor-
mational changes in the [2Fe–2S] cluster can be transmit-
ted directly to Thr54 or to the β turn. Any conformational
change can be further transferred to the flexible inter-
action domain via the hydrogen bonds of His56. These
changes may be transferred to Tyr82 which has been
shown to slightly influence CYP11A1 binding and to more
strongly influence CYP11B1 recognition, but has no effect
on AR binding [9]. This transition would be consistent
with the shift of NMR resonances observed for Tyr82 and
Ala81 upon reduction of Adx [11].

Contact sites to AR reductase and Cyt P450 and
electrostatic steering
The key residues for the Adx interaction with AR and
CYP11A1 have been identified recently (as reviewed by
Vickery [39]). These residues are located at exposed posi-
tions on the surface of the flexible interaction domain. The
solvent accessible polar surfaces are 117 Å2 for the AR-
binding residues (Asp76 and Asp79) and 257 Å2 for the Cyt
P450 binding residues (Asp72, Glu73, Asp76 and Asp79).

The interaction with the redox partners is mostly driven
by electrostatics, as ionic strength effects suggest [39].
Figure 5 shows the electrostatic potential at the surface of
Adx(4–108) from two opposite directions. There is a strik-
ing segregation of surface charges rendering one face of
Adx(4–108) almost completely acidic (Figure 5a). In this
figure, the acidic tetrad (Asp72, Glu73, Asp76 and Asp79)
is visible near the protuberance hiding the buried
[2Fe–2S] cluster. Lys66, Arg87, and to some minor extent
Arg89, are the only basic residues positioned in the com-
pletely solvent-accessible region of the interaction
domain. The observed clustering of a total of nine positive
and 17 negative charges (the two charged residues missing
at the N terminus not taken into account) results in a
monopole charge of –8 centered near the Gly91 Cα atom.
In addition, a dipole of 385 D has been calculated by
GRASP [35], which is centered near Leu29 Cδ1 and
directed to the lysine cluster around Asp101. It seems pos-
sible that the strongly non-homogeneous electric field
controls the approach by the Adx interaction domain of
AR or Cyt P450 before any tight molecular docking
occurs. This assumption is strongly supported by the
asymmetric charge distribution observed for CYP101 (Cyt
P450cam), a homolog of CYP11A1 [40]. The hydrophilic
C-terminal region from Asp109 to Glu128, which is
missing from Adx(4–108), carries a net charge of –3. As
concluded from NMR measurements, this region is flexi-
ble and oriented towards the solution [41]. Although the
C-terminal tail appears to have a measurable influence on
redox potential and dipole moment, the general function
of the molecule is not changed by its absence. Removing
the tail does not influence the redox potential of Adx in

the expected manner. A tail protecting the environment of
the [2Fe–2S] cluster from water and contributing to the
charged surroundings of the cluster by its negative net
charge would be predicted to increase the redox potential
of the truncated molecule in comparison with the native
form. In reality, the experimental value for Adx(4–108) is
lowered by 70 mV [13] lending support to the proposal of
a highly flexible and solvent-exposed protein region [41].
Deletion of the C-terminal tail enhances the efficiency of
electron transport to Cyt P450 and Cyt c as long as the
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Figure 5

Molecular surface drawing of Adx(4–108) colored according to
electrostatic potential (blue, positive; red, negative). (a) Adx(4–108) is
oriented as in Figure 1b. The [2Fe–2S] cluster is located within the
protuberance at the top of the figure; the positions of charged residues
are indicated. (b) View of Adx(4–108) after rotation by 180° around
the vertical axis. (The figure was drawn using GRASP [35].)



contact sites of AR and Cyt P450 are left intact. This
observation is in agreement with the improved binding to
Cyt P450, but decreased affinity for Cyt c [31,42,43].
Whether this behavior is triggered by electrostatic or steric
effects can only be decided from the structures of native
Adx and its complexes with redox partners.

Comparison to putidaredoxin
The most striking structural differences between Adx and
plant-type ferredoxins are found within the interaction
domain; only minor differences lie within the core
domain. Common features of all [2Fe–2S] ferredoxins are
highly negative surface charge and the involvement of
acidic residues in interaction with the redox partners. The
electric dipoles, however, differ considerably in magni-
tude and orientation between the ferredoxins. A detailed
comparison of geometrical and electrostatic features of
Adx(4–108) with those of the plant-type ferredoxins is
beyond the scope of this work. Here we will restrict the
discussion to the most closely related ferredoxin of the
[2Fe–2S] type, putidaredoxin (Pdx).

Pdx consists of 106 residues and its structure was recently
solved by NMR spectroscopy [22,23]. Upon alignment
with Adx, 33 sequence positions are identical if one inser-
tion into the Adx sequence (Asp39) and one deletion in
Pdx (Cys73) are allowed. As Pdx and Adx are both com-
posed of two domains, the structures were superimposed
taking into account the domains as well as the
insertion/deletion (i.e. fragments Val9–Leu38, Ile40–
Cys55, His56–Asp79, Leu80–Leu90 and Gly91–Pro108 of
Adx were overlayed with Val3–Ile32, Tyr33–Cys48,
His49–Glu72, Val74–Leu84 and Cys85–Pro102 from
Pdx). Out of the 12 Pdx conformers deposited in the
Protein Data Bank (entry code 1PUT), LSQMAN [44]
identified model 5 as the central structure (i.e. that with
the smallest mean rmsd to all others [1.0 Å]). Hence, all
comparisons used this model [22] which showed no sys-
tematic difference from a variant of Pdx in which the

paramagnetic Fe(III) is replaced with the diamagnetic
Ga(III) [23]. The sequence numbering used here is that
of Adx unless stated otherwise. After superimposing the
molecules in their entirety, the rmsd between 396
matching pairs of mainchain atoms was 1.64 Å. When
overlaying either pair of domains separately, the rmsd
was 1.53 Å for the 248 mainchain atoms of the core
domains and 1.22 Å for 148 mainchain atoms in the
interaction domains.

Topology and secondary structure elements
The folding topologies of Adx and Pdx are similar
(Figure 6) and thus typical for vertebrate-type ferredoxins
[22]. The larger part of both proteins is made of a
hydrophobic core consisting mainly of β sheet. The inter-
action domains contain α helices and β strands both in
Adx and in Pdx. 

The main difference among secondary structure elements
is the lack in Pdx of the 310 helices H and I found at the C
terminus of Adx. Instead, in Pdx the corresponding region
is composed of a β strand (Ile88–Met90) and a β turn.
Three regions were identified which exhibited the largest
geometric deviation between the two structures: the
sequence Asn36–Gly42 preceding the cluster-binding
loop Phe43–Thr54 which accommodates the insertion of
Asp39 (average distance 4.03 Å for Cα atoms); the N ter-
minus, especially Asp15 (5.00 Å for Cα atoms); and the β
turns at Asp80–Arg88 just after the deletion between
Asp79 and Leu80 (1.87 Å for Cα atoms). The latter region
is located at the end of the acidic binding region [39] and
includes Tyr82 (alanine in Pdx) known to be important for
the interaction with Cyt P450. All these areas show ill-
defined secondary structure. 

The [2Fe–2S] cluster and connection to the recognition site
The binding region around the [2Fe–2S] cluster (loops
Phe43–Cys55 and Cys92–Ile94) is situated in a protrusion
of the protein in both Adx and Pdx. In both ferredoxins
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Figure 6

Stereo view least-squares superposition of
Adx(4–108) (core domain in green, interaction
domain and [2Fe–2S] cluster in red) with
putidaredoxin from Pseudomonas putida (blue
and yellow). The figure shows Cα traces of
the two ferredoxins with some important
sidechains added. 
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this region is well conserved both in sequence (9 out of 17
residues are identical) and structurally (average Cα dis-
tances 1.55 Å and 0.56 Å for the two loops, respectively).
The cluster itself, including its four liganding cysteines, is
almost in an identical position and orientation within both
molecules. In both proteins the cluster is buried and not
exposed to solvent. 

Thr54 (Thr47 in Pdx) is located between two of the cys-
teine ligands of the cluster. Although the threonines in the
two ferredoxins are in similar settings, they form different
hydrogen bonds (to Asp38 Oδ2 in Pdx and to Cys52 Sγ in
Adx). His56 of the cluster-binding loop forms several
hydrogen bonds, one involving the backbone to Ser53 O
and two from the imidazole to Tyr82 O and Ser88 Oγ. The
corresponding His49 in Pdx does not form any hydrogen
bonds, despite the fact that this region is well conserved.
In this context it is of interest that the NMR studies
showed His49 of Pdx to be deprotonated. Furthermore,
the imidazole rings are perpendicular to each other when
both structures are overlayed (Figure 6).

Recognition site
The residues involved in the recognition of the ligands of
the ferredoxin which are part of the interaction domain show
somewhat larger differences between the two structures.
These involve the well conserved acidic region (Asp68–
Asp86 in Adx and Pro61–Pro80 in Pdx), with an rmsd of
1.84 Å for mainchain atoms. In particular, helix E of Adx and
the region around Tyr82 (Ala76 in Pdx), which is known to
affect the specific interaction with the Cyt P450 [15,39],
differ between the two proteins. On the other hand, the
solvent-exposed acidic residues in helix F of Adx are com-
paratively well conserved. As these residues are supposedly
not directly involved in electron transfer but in recognition
of their binding partners [9,10,15,39], the differences
between them seem to reflect the differences in specificity
for reductases and cytochromes of the two ferredoxins. 

Biological implications
Adrenodoxin (Adx) is a small, soluble iron–sulfur protein
that plays a crucial role in the steroid hormone biosynthe-
sis catalyzed by cytochromes P450 in the adrenal gland
mitochondria of vertebrates. These steroids include sex
hormones, glucocorticoids, responsible in mammals for
carbohydrate-mobilizing properties and stress response,
as well as mineralocorticoids that regulate salt balance
and blood pressure. Adx uses its [2Fe–2S] cluster to
transfer electrons from adrenodoxin reductase (AR) to
the membrane-bound cytochromes P450. The crystal
structure of Adx(4–108), a functional variant in which
amino acid residues Ser1–Ser3 and Asp109–Glu128 of
mature Adx have been removed by genetic engineering,
represents the first three-dimensional structure of a verte-
brate [2Fe–2S] ferredoxin and highlights important
aspects of the electron transfer process.

The Adx(4–108) structure comprises two domains: a
core domain containing the [2Fe–2S] cluster and the
recognition (or interaction) domain. Small motions are
observed between the two domains. Similar rearrange-
ments may be linked to the redox processes of Adx
[9,10,14]. The subdomain interface around residue
His56 includes a number of non-covalent interactions
which may relay a redox-driven structural change at the
[2Fe–2S] site to the interaction domain.

Cross-linking experiments, chemical modification and
site-directed mutagenesis, have been used to thoroughly
investigate the role of specific residues in the interactions
between Adx, AR and the cytochromes P450 [9,14,
31,45]. Asp76 and Asp79 were identified as the crucial
residues involved in electrostatic interactions with AR
[6] and, in addition, Asp72 and Glu73 were identified as
important for binding to the cytochrome CYP11A1
[6,39]. The crystal structure shows these residues to be
tightly clustered in a highly electronegative surface area
of Adx. This arrangement may be taken to support the
‘shuttle’ mechanism of electron transfer by Adx, in
which Adx sequentially forms binary complexes with
AR and then the cytochrome, as simultaneous binding
of both AR and cytochrome P450 to the same small
surface area seems highly unlikely.

The interacting residues of the redox partners have also
been partially identified [39]. In AR, Arg239 and Arg243
have been implicated in Adx binding. Likewise, Lys339
and Lys343 of bovine CYP11A1 have been identified as
binding partners [8]. From the chemical nature of the
residues involved it is evident that the interactions of Adx
with both partners have a strong electrostatic compo-
nent. The remarkably asymmetric charge distribution of
Adx(4–108) and the large molecular dipole of the protein,
strongly suggest that an electrostatic steering mechanism
plays a role in complex formation.

It will only be possible to discuss the fine details of the
docking events when the three-dimensional structures of
the redox partners, or of their complexes with Adx, are
known. Crystals of a covalently cross-linked complex of
Adx with AR have recently been described [46]. The
present study of the crystal structure of Adx(4–108)
clearly reveals the surface location of crucial interacting
residues, suggests an electrostatic steering mechanism
for complex formation, and suggests the possibility of
domain motion between the core and the interaction
domains of the protein which may be triggered by the
redox process.

Materials and methods
Growth and handling of crystals
Adx(4–108) was synthesized in E. coli and purified as described
previously [47]. The purity of the protein preparation, dissolved in
100 mM Tris/HCl, pH 7.5, was checked for an A414/A276 > 0.9
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indicating material of sufficient quality for crystallization. Adx(4–108)
was crystallized by the hanging-drop vapor diffusion method at 4°C
with a protein concentration of 20 mg/ml determined spectrophotomet-
rically with ε414 = 11.0 mM/cm. The reservoir contained 30% (w/v)
polyethylene glycol (PEG) 4000 in 100 mM Tris, pH 7.3, with 10%
glycerol and 100 mM MgCl2. A 3.5 µl aliquot of both the reservoir and
the protein solutions were mixed to produce the droplet, which was
seeded by the microseeding method. After two to three weeks rectan-
gular crystals appeared of dimensions up to 0.6 × 0.2 × 0.15 mm3.

X-ray diffraction data
All data were collected at 123K on a small MAR imaging plate at beam-
line X31 (EMBL Outstation at DESY, Hamburg). Intensities were inte-
grated with DENZO and scaled with SCALEPACK [48], followed by
the CCP4 [49] programs ROTAPREP, AGROVATA and TRUNCATE
to calculate structure-factor amplitudes from the intensities.

For MAD phasing, four data sets (45 images, 2° oscillation each) were
collected at different wavelengths (Table 2) from one crystal in a
random orientation. Thus, Bijvoet pairs were not systematically on the
same image. No radiation damage was observed during the two day
data collection. Each data set was processed and scaled indepen-
dently. The high resolution native data set was collected from a second
crystal (also at X31). The crystal yielded a resolution of 1.75 Å. 129
images with 1.0° oscillation each were collected and processed in the
same way as the MAD data (for details see Table 2). 

MAD phasing using anomalous dispersion of the iron atoms
The anomalous difference Patterson map calculated with coefficients
|F+–F–| (dataset ‘anomalous’, containing maximal ∆f′′) as well as the
dispersive difference Patterson map from coefficients |Fremote–Finflex|
were calculated and analyzed with the program HEAVY [50]. Both

maps yielded the same two prominent sites 13 Å apart identifying two
molecules of Adx per asymmetric unit, each containing one [2Fe–2S]
cluster position. 

The data sets were scaled with FHSCALE [49], and phases were cal-
culated with MLPHARE [49]. The MAD data were treated according to
the MIR method, and a single electron model was used as heavy-atom
scatterer [51]. Using the ‘remote’ data set as native in MLPHARE
causes all anomalous occupancies to be positive, while the ‘real’ occu-
pancies are all negative except for that of the remote ‘derivative’ being
zero. At first, the positions of the anomalous scatterers were refined
with MLPHARE [49] against 1016 centric reflections >2.5σ using all
four datasets. The positions were then refined against all reflections
>2.5σ. Temperature factors were not refined at this stage but kept con-
stant at 20 Å2.

With the phases derived from the refined cluster sites (<figure of merit
(FOM)> = 0.529) ‘MAD maps’ were calculated in the resolution range
11.0–3.5 Å using only those reflections with a FOM > 0.4 and phasing
power >1.0. To improve their quality, density modification by DM [49]
was performed applying solvent flattening (solvent content 46.5%) and
histogram matching. This gave phases with <FOM>DM = 0.63. To
determine the correct handedness, a second set of phases was calcu-
lated in the same fashion with the pseudo-atom coordinates inverted.
Both maps were inspected with the graphic software O [52]. In the
electron-density map calculated with the phases from negative coordi-
nates, secondary structure elements (e.g. right-handed helices) could
be located indicating the correct handedness, which was subsequently
used for all further calculations.

Two copies of the Pdx model [22] truncated to polyalanine were fitted
to the electron density as rigid bodies such that the centers of the Pdx

278 Structure 1998, Vol 6 No 3

Table 2

Crystallographic data*.

Anomalous Inflex Remote Before Native

Space group P21212 P21212 P21212 P21212 P21212
Unit cell axes (Å)

a, b, c 44.38, 78.45, 60.51 44.38, 78.45, 60.51 44.38, 78.45, 60.51 44.38, 78.45, 60.51 44.18, 78.34, 60.60
Wavelength (Å) 1.737 1.744 1.530 1.797 0.920
∆f′ –5.4251 –8.1597 –1.0666 –3.1767 –
∆f′′ 3.9275 0.4698 3.1157 0.4960 –
Resolution (Å) 11.0–2.35 11.0–2.35 11.0–2.35 11.0–2.50 10.0–1.75
Mosaicity (°) 0.68 0.68 0.68 0.68 0.50
Wilson B (Å2) 29.7 29.7 29.7 29.7 16.4
Reflections 8608 9011 9074 6339 21,775
Reflections (both Bijvoets) 6000 6569 6495 4584 –
Completeness (%) 92.3 96.6 97.3 82.7 99.9
Rsym (%)† 4.8 5.3 3.8 4.6 4.4
Rsym (outer shell) (%)† 15.8 16.5 10.5 10.1 20.4
Ranom (%)‡ 5.3 5.1 4.1 3.5 –
<I/σ(I)> 15.2 14.3 18.4 18.2 31.0
<I/σ(I)> (outer shell) 4.9 4.7 6.6 7.3 7.7
Redundancy 3.2 3.4 3.3 3.8 5.0
Phasing power

(acentric/centric)§ 1.59/1.28 1.48/1.31 – 2.22/1.21 –
RCullis

(acentric/centric)# 0.78/0.73 0.74/0.60 – 0.98/1.20 –
Anomalous (RCullis) 0.81 0.87 0.82 1.32 –

*Anomalous, inflex, remote, before and native denote the diffraction
datasets taken at different wavelengths. †Rsym = 100 × (Σh,i|Ih,i–Ih/Σh,i Ih,i),
where the summation is over all observations Ih,i contributing to the
reflection intensity Ih. ‡Ranom = 100 × (Σh|Ih

+–Ih
–|/Σh(Ih

++Ih
–)), where

Ih
+ and Ih

– are the reflection intensities of the Bijvoet mates. §Phasing

power P = < FH > / < E >, where < FH > and < E > are the root mean
square heavy atom structure factor and lack of closure, respectively.
#RCullis = Σh|(FPH,h ± FP,h)–FH,h | / Σh |FPH,h–FP,h|, where FPH,h, FP,h and
FH,h are the structure-factor amplitudes for the heavy-atom derivative,
the native protein and the heavy-atom contribution, respectively. 



[2Fe–2S] clusters coincided perfectly with the sites determined for the
anomalous scatterers. Thus, the coordinates of both iron atoms within
each cluster could be separated. This procedure was followed by
further refinement at 2.5 Å resolution with MLPHARE and density modi-
fication with DM in the same manner as described above.

From the positions of the two Pdx molecules the NCS operator was cal-
culated with the program O, followed by the calculation of an NCS mask
with RAVE [53]. The map was cyclically improved by averaging over the
NCS and calculation of a new mask. With all four Fe sites included, the
isotropic temperature factor for each site was refined. The final <FOM>
for all reflections was 0.54 (0.64 for centric reflections, 0.52 for acentric).

Model building and refinement
A model of Adx(4–108) was built with O [52] into the improved experi-
mental electron density. Except for the first three residues (Glu4–Lys6)
and the loop region Gln35–Asn37, where no density or only weak
density was found, the entire mainchain could be traced in both mol-
ecules in the asymmetric unit. In addition, all but 13 sidechains (mostly
aspartate and lysine, initially constructed as alanine) were located.
Whenever interpretable density emerged after subsequent rounds of
refinement, missing sidechains were extended as far as possible. 

Initial refinement was carried out with XPLOR [54] employing NCS
restraints for all atoms present in both molecules in the asymmetric
unit. Topology and geometric parameters for the [2Fe–2S] cluster
were determined from several ferredoxin models (PDB entries 1DOI,
1FRD, 1FRR, 2PIA and 1FXI) as described by Kleywegt [55]. After
each round of refinement, new maps (2Fo–Fc and Fo–Fc) were calcu-
lated, inspected with O and used to improve the model manually.

In the beginning, the structure was refined versus the remote data up
to 2.5 Å with the experimental phases included in the refinement. When
the high-resolution data (native in Table 2) became available, refine-
ment was continued against these data by 20 cycles of rigid-body
refinement, followed by several runs of simulated annealing. Omit maps
(2Fo–Fc and Fo–Fc) were calculated with those residues excluded from
30 cycles of simulated annealing (at 1000K) that were not located
entirely unambiguously in the experimental density (19% of all atoms).
These maps showed the missing residues beyond doubt, mostly in
their old positions. At the resolution limit of 1.85 Å used for refinement,
16,520 structure amplitudes were in the working set and 1911 in the
test set. A sigma cut-off was not used. After rigid-body refinement,
several rounds of simulated annealing, Powell positional refinement,
solvent mask and atomic temperature factor calculation, as well as
manual reordering with O, the refinement stalled with R = 0.285 and
Rfree = 0.330. This model comprised residues Ile7–Pro108, 20 water
molecules being positioned at this stage. Anisotropic scaling with
XPLOR resulted in lower R values of 0.278 and 0.319. 

At this point, the refinement was continued using the program
REFMAC [56] without restraints for the [2Fe–2S] cluster. The first
refinement round, using the XPLOR solvent mask, the anisotropic
scaling option and loose NCS restraints for all residues not included in
lattice contacts and outside the interaction domain (see above), yielded
R = 0.245 and Rfree = 0.296. At this stage, 24 water molecules were
included in the model. Electron density in the N-terminal region beyond
Ile7 now became interpretable in both molecules. Several refinement
rounds with looser temperature-factor coupling and the addition of
partial coordinates for Lys6 in both molecules resulted in R = 0.240
and Rfree = 0.292. The successive addition of 120 water molecules and
visual map evaluation in O [52], together with a newly calculated
XPLOR solvent mask resulted in R = 0.210 and Rfree = 0.272. The
program ARP [57] was used to identify 30 additional water molecules
(R = 0.202, Rfree = 0.263). The N-terminal Lys6 of molecule B could
now be traced completely in the 2Fo–Fc density. The modeling of alter-
native sidechain conformations for Asp86 (molecules A and B), Glu68
(molecules A and B), Glu73 (molecule B), Glu74 (molecule B), Cys95
(molecule B), and deletion of six water molecules resulted in R = 0.200

and Rfree = 0.262. After the addition of five new water sites using the
program ARP, the localization of a glycerol molecule in the vicinity of
Tyr82, and the refinement of a complete Lys6 in molecule A, the R
values decreased to 0.197 and 0.258. The addition of a sulfur atom to
Cys95 Sγ and of seven more water molecules, selected manually, let
the refinement converge with R = 0.195 and Rfree = 0.253. 

Accession numbers
The experimental data and atomic coordinates for Adx(4–108) have
been deposited with the Protein Data Bank from where copies will be
available (entry code 1AYF).
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